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Cavity enhanced liquid-phase stopped-flow kinetics
Zuzana Bajuszova, Hanan Naif, Zulfiqur Ali, Joseph McGinnis and Meez Islam *
The first application of liquid-phase broadband cavity enhanced spectroscopy (BBCEAS) to the measure-
ment of stopped-flow kinetics is reported. The stopped-flow technique is widely used for the study of the
kinetics of fast liquid-phase reactions down to millisecond timescales. UV-visible absorption spectroscopy
is commonly used as the detection method. Increased sensitivity can potentially allow reactions which
are too fast to be measured, to be studied by slowing down the reaction rate through the use of lower
concentration of reactants. A simple low cost BBCEAS experimental setup was coupled to a commercial
stopped-flow instrument. Comparative standard absorption measurements were also made using a UV-
visible double-beam spectrometer as the detector. Measurements were made on the reaction of potass-
ium ferricyanide with sodium ascorbate under pseudo-first order conditions at pH 8 and pH 9.2 A cavity
enhancement factor (CEF) of 78 at 434 nm was obtained whilst the minimum detectable change in the
absorption coefficient αmin(t ), was 1.35 × 10
−5 cm−1 Hz−1/2. The kinetic data at pH 9.2 was too fast to be
measured using conventional spectroscopy, whilst the BBCEAS measurements allowed 30 fold lower
concentration of reactants to be used which slowed down the reaction rate enough to allow the rate con-
stant to be determined. The BBCEAS results showed a 58 fold improvement in sensitivity over the conven-
tional measurements and also compared favourably with the relatively few previous liquid-phase cavity
enhanced kinetic studies which have been performed using significantly more complex and expensive
experimental setups.
Introduction
The measurement of the kinetics of chemical reactions is
recognised as being of fundamental importance and finds a
large number of applications ranging from investigations of
enzyme kinetics, protein binding, and atmospheric chemistry,
to microorganism growth.1,2 For the measurement of liquid-
phase chemical kinetics on time scales of a few seconds down
to a few milliseconds, the stopped-flow method in conjunction
with absorbance based spectrometers is commonly used. This
relies on the rapid mixing of small volumes of reactants which
is quickly stopped. However, stopped-flow systems typically
have a “dead time”, the time required to mix the reagents and
begin data collection, of 2–10 ms. If the half-life of a reaction
is much less than this, the reaction will be essentially com-
plete before any data can be obtained. Lowering the concen-
trations of reagents could be used to slow reactions down and
would have the added advantage of reducing the cost of poten-
tially expensive consumables.3 The stopped-flow method is
also used in conjunction with other techniques for the spectro-
photometric determination of analytes4,5 and an increase in
sensitivity would allow lower concentration of analytes to be
detected.
The sensitivity of absorption spectroscopy has been greatly
enhanced recently by the use of optical cavity based tech-
niques. These approaches provide a substantial improvement
over conventional absorption spectroscopy by increasing the
effective path length of measurement and thus the sensitivity
of the measurement. The first technique was called cavity ring-
down spectroscopy (CRDS) and was based on the measure-
ment of the decay time of the intensity of light exiting the
cavity.6 A decade later an experimentally simpler variant based
on the measurement of the integrated intensity output from
the cavity was proposed and is most commonly known as
cavity enhanced absorption spectroscopy (CEAS).7,8 Further
development and simplification of CEAS have included the use
of cheap broadband light sources such as high intensity light
emitting diodes (LED) instead of laser light sources leading to
the technique broadband CEAS (BBCEAS).9 To date, the vast
majority of cavity based studies have been performed on gas-
phase analytes as the background scattering and absorption
losses are much lower than for the condensed phases.
However, over the past few years, several studies have been
reported on liquid-phase species despite the greater scattering
and absorption losses as many important analytes are found
in the liquid-phase. The first liquid-phase cavity study using a
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LED light source was reported by Islam et al., 200710 on
measurements in a 2 mm cuvette, followed by a study in a
20 cm cell in which the analytes were in direct contact with the
cavity mirrors.11 The group also successfully demonstrated
BBCEAS as a detector for high performance liquid chromato-
graphy (HPLC), one of the most widely used techniques in
analytical chemistry.12 Recent developments in this field
include the application of BBCEAS to microfluidic devices,13
sensitive liquid-phase measurements employing a low cost
prism based webcam spectrometer as the detector14 and
measurements in a microtitre plate using BBCEAS.15 To date
there have been relatively few liquid-phase kinetic studies
which have used cavity enhanced techniques.16–20 These have
generally used bespoke, complex and expensive experimental
setups.
We demonstrate in this study the first application of a
cavity enhanced technique to a commercial stopped-flow
kinetics instrument. The technique chosen was BBCEAS due
to its simplicity and low cost. The reaction chosen for study
was that between potassium ferricyanide and sodium ascor-
bate, as it has been studied previously using stopped-flow
apparatus.21 The reaction rate is also pH dependent which
meant that the reaction rate could be varied over a wide range
by changing the pH. Thus it was suitable for testing the per-
formance of the cavity enhanced stopped-flow instrument
against measurement using conventional UV-visible absorp-
tion spectroscopy.22
Experimental section
The cavity enhanced stopped-flow apparatus
A schematic of the apparatus is shown in Fig. 1. The light
source used was a 3 W Luxeon Star white LED (Philips
Lumileds Lighting Company) which emitted over the wave-
length range 420–700 nm. The light output was coupled by a
1000 μm diameter fibre optic into an optical cavity formed by
two concave, high reflectivity dielectric mirrors (R ≥ 0.99
between 420 nm and 640 nm, radius of curvature = −100 mm,
Layertec, Germany) separated by a distance of 10 cm. Light
exiting the cavity was focussed onto the entrance slit of a
compact CCD spectrometer (AvaSpec-ULS2048 StarLine). A
commercial stopped-flow apparatus (SFA-20 Rapid Kinetics
Spectrometer Accessory, TgK Scientific, UK) was used. It was
coupled to a thermostatted water bath for temperature control.
The reaction studied was that between sodium ascorbate
which forms the ascorbate ion [HA−] in solution and potass-
ium ferricyanide, K3[Fe(CN)6] which forms the ferricyanide ion
in solution (Sigma Aldrich, UK). The reaction was followed by
monitoring the absorbance of ferricyanide.
HA þ 2½FeðCNÞ63 ! 2½FeðCNÞ64 þ A þHþ
The flow-cell was held in an adjustable kinematic mount
and was positioned equidistant between the mirrors. The
2 mm path length side of the flow-cell was used for all
Fig. 1 A schematic of the cavity enhanced stopped-flow setup. (A) Thermostat controlled SFA-20 Rapid Kinetics accessory and flow-cell (B)
BBCEAS setup with R ≥ 0.99 cavity mirror set, LED light source and CCD spectrograph.
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measurements as the 10 mm path length side had surface
scratches which led to poor light transmission. The water bath
was set to a constant temperature of 25 °C for all measure-
ments. To simplify the kinetic analysis, the reaction was per-
formed under pseudo-first order conditions for ferricyanide
with the concentration of sodium ascorbate in large excess of
at least 10 fold greater. To determine the second order rate
constant (k2) for the overall reaction, experiments were con-
ducted by adding varied concentrations of sodium ascorbate
to 0.01 mM ferricyanide. The rate of reaction has been found
to increase with pH. The first set of measurements were made
at pH 8, followed by a set of measurements at pH 9.2 to
increase the reaction rate. Deionised water was used as a refer-
ence solution. Comparative conventional measurements were
made by placing the flow-cell into the sample compartment of
a Jasco V-630 double beam UV-visible spectrometer.
Experimental methodology
The absorption of the analyte in the cavity was measured by
first recording a reference spectrum with the pure solvent (Io)
and then the sample spectrum (I) containing different concen-
trations of the analyte. Previous studies have shown that for
cavity experiments the cavity absorption can be expressed as;23
I0ðλÞ
IðλÞ  1
 
cavity
¼ 2:303ελClð1 RðλÞÞ ð1Þ
where, l is the base path length through the sample in the
cavity in cm, R(λ) is the average wavelength dependent mirror
reflectivity, ελ is the wavelength dependent extinction coeffi-
cient (M−1 cm−1), and C is the concentration of the sample
(M). The term ελCl is equivalent to the single pass absorbance
(log10 Io/I). This expression, which is valid for all reasonable
absorptions, shows that in a cavity experiment the cavity
absorption,
I0ðλÞ
IðλÞ  1
 
cavity
is linearly proportional to the con-
centration of the analyte. This is different from a single pass
experiment where the absorbance (log10 Io/I) is linearly pro-
portional to concentration. It can be seen from eqn (1) that the
enhancement produced by a cavity experiment over a single
pass experiment is due to the term
1
ð1 RðλÞÞ. If this is set to
be the wavelength dependent cavity enhancement factor (CEF),
then the expression can be rearranged in terms of CEF;
CEF ðλÞ ¼
IoðλÞ
IðλÞ  1
 
cavity
2:303ελCl
ð2Þ
If the cavity absorption is plotted against concentration and
the gradient of the linear plot divided by 2.303ελl, then a value
of the CEF at a given wavelength and averaged over a range of
concentrations is obtained. A linear regression is fitted and
the gradient obtained by a least squares method. The standard
deviation in the measurement of the gradient can also be used
to calculate the standard deviation in the CEF value. The CEF
value can be used to calculate the effective path length of
measurement at a given wavelength (leff = l × CEF) where l is
the base path length. The effective path length is used in the
calculation of the sensitivity of the measurement which is
defined in terms of the minimum detectable change in the
absorption coefficient αmin (also known as noise-equivalent
absorption coefficient24). The time normalized αmin(t ) value
with units of cm−1 Hz−1/2 for each measurement can be
expressed as:
αminðtÞ ¼ 2:303ΔABSminðtÞleff ð3Þ
where ΔABSmin(t ) is the minimum detectable absorbance
change in the cavity absorption spectrum normalized to one
second of measurement by taking the total acquisition time in
seconds (τ) into account by using the following expression:15
ΔABSminðtÞ ¼ ΔABSmin 
ffiffi
τ
p ð4Þ
This allows a fairer comparison of the sensitivity of an
experiment.
The value of αmin(t ) could also be used to calculate the
limit of detection (LOD) of an analyte which is defined as the
smallest amount that can be reliably measured.10 It was calcu-
lated from the expression:
LOD ¼ 3αminðtÞ
2:303ελ
ð5Þ
The order of the reaction with respect to each reagent was
determined from the plot of the natural logarithm (ln) of
absorbance versus time for ferricyanide and the plot of pseudo-
first order rate constants (kobs) versus [HA
−] for ascorbate.
Results
Measurement of the CEF and other figures of merit
The absorption versus wavelength spectrum of ferricyanide was
recorded over a 70 nm wavelength range through the 2 mm
side of the flow-cell at a total acquisition time of 15 ms and is
shown in Fig. 2. The inset shows the calibration plot in the
concentration range 0.01 mM to 0.07 mM at a wavelength of
434 nm. The graph also shows the gradient obtained from the
slope of the fit. The selected wavelength of measurement at
434 nm was a compromise between the absorbance maximum
of ferricyanide at ∼420 nm, and the intensity output of the
white LED which decreased sharply from 440 nm to 420 nm. A
separate single pass calibration was recorded over a higher
concentration range of 0.1 mM–0.9 mM to obtain the molar
extinction coefficient of ferricyanide at 434 nm. This produced
a value of 739.8 M−1 cm−1. The results were used to calculate
the average number of passes or CEF and also the αmin and
ΔABSmin(t ) values which are summarized in Table 1.
Measurements at pH 8
Kinetic traces. To investigate the suitability of BBCEAS as a
technique to follow rapid reaction kinetics, measurements
were made on the reaction between ferricyanide and sodium
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ascorbate at pH 8. The concentration of ferricyanide was kept
at 0.01 mM, whereas the concentration of sodium ascorbate
was varied between 0.1 mM and 4 mM. The disappearance of
ferricyanide was followed at 434 nm and data points were
recorded at 40 ms intervals, the shortest measurement interval
which could be reliably used. The closest corresponding
measurement interval on the conventional spectrometer was
50 ms. The kinetic traces collected over 8 seconds can be seen
in Fig. 3. The reaction in all cases was over after 6 seconds.
Measurement of rate constants and reaction order. Twelve
independent measurements for each sodium ascorbate con-
centration were conducted to obtain the pseudo-first order rate
constants. Fig. 4 shows a representative BBCEAS plot of the
negative natural logarithm of the absorbance change as a func-
tion of time. The inset corresponds to the negative natural log-
arithm of absorbance versus time plot for the conventional
measurement. The equation on both plots is from a linear
regression through the data points. The slope of the line
equals kobs, the pseudo-first order rate constant for the reac-
tion. The straight line through the data confirms that the rate
law is first order with respect to ferricyanide. First order kine-
tics also provides a very good fit to the data obtained on the
conventional setup. The half-life of the cavity enhanced first
order reaction, t1/2 was ∼0.9 s and thus 4 half-lives were
recorded during the reaction. All pseudo-first order graphs
were linear up to 4 half-lives.
The second order rate constant, k2, was obtained as the gra-
dient of a plot of the pseudo-first order rate constants, kobs
against sodium ascorbate concentration [HA−] (0.1 mM–4 mM)
as shown in Fig. 5. A linear regression through the data
suggests that the reaction is also first order with respect to
sodium ascorbate concentration. The second order rate con-
stant obtained using BBCEAS (k2 = 3.56(±0.20) × 10
3 M−1 s−1)
was very similar to that obtained using conventional spec-
troscopy (k2 = 3.70(±0.33) × 10
3 M−1 s−1). The 1σ error limits
are shown in brackets.
Measurements at pH 9.2. The kinetics of reaction between
ferricyanide and sodium ascorbate was also followed at pH 9.2
to increase the rate of reaction. Data was recorded at 434 nm at
40 ms intervals. The concentration of ferricyanide was 0.1 mM
for the conventional UV-visible measurements (Fig. 7b) which
was the lowest that could be reliably measured, whilst the
cavity enhanced data could be recorded at a much lower con-
centration of 3 μM. The sodium ascorbate concentration was
varied between 0.03 mM and 0.15 mM for the cavity enhanced
kinetic traces which can be seen in Fig. 6.
The second order rate constant, k2, was obtained as the gra-
dient of the plot of kobs against sodium ascorbate concen-
Fig. 2 Cavity enhanced absorption spectrum of ferricyanide. The inset shows the corresponding BBCEAS absorption versus concentration plot at
434 nm and the single pass calibration curve as well as an absorbance spectrum of ferricyanide.
Table 1 Summary of the results in terms of the base path length, the wavelength of the measurement, the CEF value, the αmin, the LOD of the
analyte and ΔABSmin(t )
Technique Cell l/cm λ/nm [Fe(CN)6]
3−/M CEF ΔABSmin(t ) αmin(t )/cm−1 Hz−1/2 LOD/M
CE stopped-flow Flow-cell 0.2 434 10−5 78 9.18 × 10−5 1.35 × 10−5 2.38 × 10−8
Jasco V-630 Flow-cell 0.2 434 10−4 1 6.81 × 10−5 7.84 × 10−4 1.38 × 10−6
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tration, and the results for the BBCEAS kinetic measurements
at pH 9.2 is shown in Fig. 8.
Discussion
The first demonstration of BBCEAS applied to stopped-flow
kinetics is reported. The BBCEAS setup was coupled to a stan-
dard commercial stopped-flow accessory to follow the kinetics
of reaction between ferricyanide and sodium ascorbate, at pH 8
and pH 9.2. The results were compared with the kinetic data
obtained using conventional UV-visible spectroscopy. The
figures of merit determined include the CEF, αmin and LOD.
These values are discussed in turn. Comparison of the results is
then made with previous liquid-phase cavity enhanced kinetic
studies and selected short base path length liquid-phase cavity
Fig. 3 (a) Cavity enhanced and (b) conventional kinetic traces collected for the reaction of [Fe(CN)6]
3− with sodium ascorbate under pseudo-first
order conditions.
Fig. 4 Representative (a) cavity enhanced and (b) conventional pseudo-first order plots recorded for the reaction of ferricyanide with 1 mM [HA−] in
pH 8 media at 25 °C. The pseudo-first order rate coefficient, kobs, was determined from the gradient of a linear regression through the data. The 1σ
error limits on the gradient are shown in brackets.
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enhanced studies. Suggestions on the further improvement of
the sensitivity of the experimental setup are also made.
The use of an optical cavity for measurements has resulted
in a large increase in the effective path length as shown by the
CEF value of 78. This forms the basis of the improvement in
sensitivity achieved through the use of the cavity enhanced
approach. The 58 fold increase in sensitivity meant that lower
concentrations of ferricyanide and consequently sodium
ascorbate could be used for the cavity enhanced measure-
ments under circumstances where slower rates of reaction
were needed.
At pH 8 both the cavity enhanced and conventional
measurements could be performed over approximately the
same concentration range of sodium ascorbate without kobs
becoming faster than the response time of the instrument
(∼25 s−1) and produced similar k2 values (Fig. 3–5). As the
cavity enhanced measurements were made with tenfold lower
concentrations of ferricyanide (0.01 mM versus 0.1 mM)
measurements using up to tenfold lower concentrations of
sodium ascorbate were also possible which produced slower
kobs values but in this case this was not advantageous as the
kobs values measured with the conventional instrument were
within the response time of the instrument.
As the reaction rate increases with pH, the measurements
at pH 9.2 were expected to be faster. For the conventional
measurements the lowest concentration of ferricyanide which
could be reliably measured was 0.1 mM. This restricted the
minimum concentration of sodium ascorbate which could be
used to 1 mM, to maintain pseudo-first order conditions.
However, the measured value of kobs was now determined by
the response time of the instrument of ∼25 s−1 and there
was no increase in kobs with increasing sodium ascorbate con-
centration. This showed that the response time of the instru-
ment was restricting the measurement of the true value of kobs.
For the cavity enhanced measurements, the greater sensitivity
allowed a lower ferricyanide concentration of 3 μM to be
used. This allowed correspondingly lower concentrations of
sodium ascorbate to also be used and led to slower values of
kobs not limited by the instrumental response time as can be
seen in Fig. 7 and 8. From the plot in Fig. 8 the second order
Fig. 5 Plots of the pseudo-first order rate constant kobs against sodium ascorbate concentration for (a) the BBCEAS setup (b) the conventional
setup. The equation on both graphs allows the second order rate constants, k2 to be determined from the gradient of the fit. The 1σ error limits on
the gradient are shown in brackets.
Fig. 6 Cavity enhanced kinetic traces obtained for the reaction of [Fe
(CN)6]
3− with sodium ascorbate under pseudo-first order conditions at
pH 9.2.
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rate constant k2 could also be determined as the gradient of
the plot. These results demonstrate the value of cavity
enhanced techniques in enabling the measurement of the
stopped-flow kinetics of reactions which would otherwise be
too fast to measure using conventional UV-visible absorption
spectroscopy.
The sensitivity of the BBCEAS stopped flow apparatus was
determined by the minimum detectable change in the absorp-
tion coefficient, αmin. The CEF of 78, corresponding to an
effective path length of 15.6 cm, led to a αmin(t ) value of 1.35 ×
10−5 cm−1 Hz−1/2. These figures show a ∼58 fold improvement
when compared to the conventional measurements (αmin(t ) =
7.84 × 10−4 cm−1) using a double beam UV-visible spectro-
meter. The main factor in the improved sensitivity of the cavity
enhanced technique is due to the increased path length com-
pared to the conventional measurement. However, the BBCEAS
setup used a single beam spectrometer for measurements
whilst the conventional setup used a double beam spectro-
meter. The advantage of a double beam spectrometer is that it
is able to compensate for noise due to fluctuations in the
intensity of the light source and typically leads to an improve-
ment of ∼5 fold in baseline noise and thus sensitivity. The
results from this study show a much more modest improve-
ment of ∼1.3 fold in the baseline noise of the double beam
spectrometer. The reasons for the less than expected improve-
ment include, the relatively high stability and low noise of the
LED light source due to the use of a low noise power supply
and a large heatsink. The higher than expected baseline noise
from the double beam spectrometer could be due to poor
transmission of the spectrometer light source through the rela-
tively small aperture of the flow-cell. The LED light source for
the BBCEAS setup by contrast could be collimated to a rela-
tively small beam size of about 2 mm in diameter and was able
to pass through the flow-cell without being clipped.
Table 2 summarises the main figures of merit obtained in
this study and compares these with the corresponding data
available from previously reported liquid-phase kinetic studies
using cavity enhanced techniques and also selected liquid-
phase cavity enhanced studies with short base path lengths.
The comparison is made in terms of technique, the light
source used, the peak wavelength of the measurement, the
base path length, the lowest αmin and the αmin value normal-
ised to a base path length of 1 cm.
There have been relatively few previous cavity enhanced
studies which have measured liquid-phase kinetics. Hallock
et al.16 used cw-CRDS with a diode laser at 655 nm to follow
the kinetics of the reaction between methylene blue and
ascorbic acid over a timescale of a few minutes in a 23 cm reac-
tion cell where the reaction solution was in direct contact with
the cavity mirrors. Kiwanuka et al.17 used BBCEAS with a
supercontinuum light source to study the oscillating Belousov–
Zhabotinsky reaction over a period of six minutes in a 5.4 cm
cuvette. Neil et al.18 used both CRDS and frequency modulated
CEAS to look at the reaction between the photochemical dye
thionine and 1,4-diazabicyclo[2.2.2]octane (DABCO) as a func-
tion of magnetic field in a 1 mm path length flow-cell at
405 nm. They found that the frequency modulated CEAS
measurements were 5.3 times more sensitive than the CRDS
measurements (calculated from the reported baseline noise in
absorbance units by converting to ln(loge) units and then
dividing by the base path length of the cell in cm). In further
experiments from the same group Maeda et al.19 studied the
Fig. 7 Representative cavity enhanced pseudo-first order plots for the
reaction of ferricyanide with [HA−] in pH 9.2 media at 25 °C. From the
equation on the plot the pseudo-first order rate coefficient, kobs, can be
determined from the gradient. The 1σ error limits on the gradient are
shown in brackets.
Fig. 8 A plot of the pseudo-first order rate constant kobs against
sodium ascorbate concentration for the BBCEAS setup. The second
order rate constant, k2 can be determined from the gradient of the fit.
The 1σ error limits on the gradient are shown in brackets.
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photoinduced radical pair reactions between the protein lyso-
zyme and the photosensitizers, anthraquinone-2,6-disulpho-
nate and flavin mononucleotide. The measurements were
made using CRDS at 532 nm over microsecond timescales in a
1 mm flow-cell. Neil et al.20 also reported further measure-
ments with greatly improved sensitivity, using BBCEAS with a
supercontinuum light source to study magnetic field effects in
chemical models of a cryptochrome magnetoreceptor. When
comparing the results from this study to these previous results
it is important to take in account the large differences in the
base path length of measurement as the αmin value is inversely
proportional to the base path length. The studies of Hallock
et al.16 and Kiwanuka et al.17 have significantly greater
reported sensitivities but also used much longer base path
lengths. If the αmin values are normalised to a base path
length of 1 cm by multiplying by the base path length in cm
then a fairer comparison between the relative sensitivities of
the different studies can be made. On this basis, our results
are between 2–3 times more sensitive. Likewise, comparing
with the studies of Neil et al.18 and Maeda et al.19 shows that
the earlier study by Neil et al. was between 3.2 and 17 times
less sensitive, whilst Maeda et al.19 was 2.4 times less sensitive.
However, the later study by Neil et al.20 was 5.9 times more
sensitive. Overall the relative sensitivity of this study is
amongst the best whilst the complexity and cost of the experi-
mental setup is significantly lower than the previous studies.
However, the time resolution of the previous CRDS studies was
significantly better than the present study as they were able to
record measurements with microsecond time resolution whilst
the stopped-flow setup is restricted to measurements on milli-
second timescales and longer.
Comparison can also be made with previous cavity
enhanced studies using short base path lengths. The most
similar previous study is the BBCEAS study carried out by
Islam et al., 200710 in a 2 mm base path length quartz cuvette
using a similar experimental setup. The improvement in sensi-
tivity of the current study is partly due to the higher CEF value
(CEF = 78 versus CEF = 51) as a result of better cavity alignment
and also improvements in light throughput from the cavity to
the detector as a result of using a more powerful LED, better
collimation of the light source and better collection of the
light exiting the cavity. van der Sneppen et al., 200625 reported
HPLC-CRDS measurements in a 2 mm flow-cell where the
cavity mirrors of the flow-cell were in direct contact with the
liquid-phase analytes. The sensitivity of their measurement
was similar to that of the present study, although their
measurements were made using a more complex and expen-
sive experimental setup. Fiedler et al., 2005,26 made BBCEAS
measurements in a 1 mm cell, with R ≥ 0.99 mirrors and a Xe
arc lamp as the light source. When the base path length is
taken into account the sensitivity is very similar to that
obtained in this study although a more expensive high inten-
sity short-arc Xe lamp light source was used in their study.
Other studies using a longer 1 cm base path length cell
include that by Seetohul et al., 200912 in a 1 cm path length
HPLC cell coupled to a BBCEAS system. The sensitivity of their
liquid-phase HPLC-BBCEAS technique, with R ≥ 0.99 mirrors
was significantly less sensitive than the current study when the
base path length is taken into account. Qu et al., 201314 also
made measurements in a 1 cm path length cuvette using a
very low cost BBCEAS setup with a webcam based detector.
Their results were also considerably less sensitive than this
study but used a lower cost setup.
Further improvements in the sensitivity and performance
of the current experimental setup could be achieved in a
number of ways. The use of a higher optical quality flow-cell
would lead to a reduction in cavity losses due to scattering and
reflection from the flow-cell and should produce an improve-
ment in the CEF value and thus a higher sensitivity from a
greater effective path length. It would also allow measurements
to be made through the 1 cm path length side of the flow-cell
which in principle should improve the absolute sensitivity by a
factor of five. The sensitivity of the setup could also be
improved by using a more powerful light source such as a
supercontinuum light source and a more sensitive lower noise
detector such as a thermoelectrically cooled CCD spectro-
meter. These changes would however greatly increase the cost
of the experimental setup. The time resolution of the current
cavity enhanced setup is limited to 40 ms as a result of the
communication speed between the spectrometer and the data
Table 2 Comparison between this study and the data available from previous “short-path” liquid phase cavity studies as a function of technique,
the mirror reflectivity, the light source, the cell used, the wavelength of measurement, the base path length, the lowest value of αmin, and αmin × l
Study Technique R≥ Light source Cell λ/nm l/cm αmin/cm−1 αmin × l
This work BBCEAS 0.99 White LED Flow-cell 434 0.2 1.3 × 10−5 2.7 × 10−6
Hallock et al.16 CRDS 0.999 Diode laser Cell 655 23 3.3 × 10−7 7.6 × 10−6
Kiwanuka et al.17 SC-BBCEAS 0.99 Supercontinuum Cuvette 527 5.4 9.1 × 10−7 4.9 × 10−6
Neil et al.18 CRDS 0.99995 Diode laser Flow-cell 405 0.1 4.6 × 10−4 4.6 × 10−5
Neil et al.18 CEAS 0.99995 Diode laser Flow-cell 405 0.1 8.7 × 10−5 8.7 × 10−6
Maeda et al.19 CRDS 0.9993 Nd:YAG laser Flow-cell 532 0.1 6.4 × 10−5 6.4 × 10−6
Neil et al.20 BBCEAS 0.9998 Supercontinuum Flow-cell 550 0.1 4.6 × 10−6 4.6 × 10−7
Islam et al.10 BBCEAS 0.99 Red LED Cuvette 630 0.2 5.1 × 10−5 1.0 × 10−5
Seetohul et al.12 BBCEAS 0.99 White LED HPLC cell 556 1.0 1.9 × 10−5 1.9 × 10−5
Qu et al.14 BBCEAS 0.99 White LED Cuvette 527 1.0 6.5 × 10−5 6.5 × 10−5
van der Sneppen et al.25 CRDS 0.99993 Laser Flow-cell 457 0.2 1.0 × 10−5 2.0 × 10−6
Fiedler et al.27 BBCEAS 0.99 Xe arc lamp Cuvette 607 0.1 3.0 × 10−5 3.0 × 10−6
Paper Analyst
500 | Analyst, 2018, 143, 493–502 This journal is © The Royal Society of Chemistry 2018
??
??
??
??
??
??
??
??
?
??
??
??
???
??
??
??
??
??
??
??
??
??
??
?
??
??
??
??
??
??
??
??
??
?
??
??
??
??
??
??
??
??
??
??
??
??
??
View Article Online
acquisition computer. Upgrading the data acquisition compu-
ter and using a spectrometer with a faster data transfer inter-
face would allow the time resolution of the measurements to
be improved to a few ms at which point the instrumental
response time would be limited by the dead time of the
stopped-flow apparatus of ∼10 ms. Liquid-phase kinetic
studies could also be extended into the UV region, by using
suitable light sources such as UV LEDs and laser driven light
sources (LDLS)28 and high reflectivity mirrors which cover the
range below 400 nm. This would increase the number of ana-
lytes which could potentially be studied, thereby broadening
the applicability of the technique.
Conclusion
The first application of a cavity enhanced technique to the
measurement of liquid-phase kinetics using a commercial
stopped-flow kinetics accessory has been demonstrated.
Comparative measurements were made on the reaction
between sodium ascorbate and potassium ferricyanide at pH 8
and pH 9.2 using a conventional UV-visible spectrometer. The
BBCEAS measurements produced a CEF of 78 which led to a
58 fold improvement in sensitivity. This allowed lower concen-
trations of reagents to be used which proved crucial for the
measurements at pH 9.2. At this pH the kinetics of the reac-
tion was too fast to measure using the conventional spectro-
meter, whilst the BBCEAS measurements could be made with
30 fold lower concentration of reagent which allowed the kine-
tics of the reaction to be determined and demonstrated the
value of cavity enhanced techniques for studying liquid-phase
kinetics. Comparison with the relatively few previous cavity
enhanced liquid-phase kinetic studies showed that the present
measurements were amongst the most sensitive whilst using a
much simpler and lower cost experimental setup. Further
improvement in sensitivity could be achieved by using a
higher optical quality flow-cell in conjunction with a more
powerful light source and a more sensitive, lower noise detec-
tor, whilst better time resolution could be obtained by using a
faster data acquisition computer and a spectrometer with a
faster data transfer interface.
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